Abstract. We present the development of a capacitive micromachined ultrasonic transducer (CMUT) array for noninvasive focused ultrasound ablation of lower abdominal cancers under MR-guidance. While piezoelectric transducers have been traditionally used for HIFU, recent advances in CMUT design have made them highly competitive. Not only are CMUTs cost effective, they allow fabrication flexibility and advantages in efficiency and bandwidth. Current imaging CMUTs have shown capability of HIFU operation through high power and continuous wave operation. In this paper, we will present the development of CMUT membranes designed specifically for HIFU. These membranes are piston-like membranes fabricated by placing a thick layer of silicon or gold at the center of the membrane. The width of the piston layer is usually 60-85% of the membrane width and allows the membrane mass and elasticity to be controlled independently. It also increases the average displacement and average output pressure of the membrane. We patterned these CMUT membranes into an 8 element, 3.5 cm concentric array. We simulated the heating patterns of this array to show it is capable of producing lesions of 5 mm in diameter within 20-30 seconds, which can be imaged using our MR detection software.
INTRODUCTION
Cancers of the upper abdomen cause great mortality and morbidity in the US. Such cancers include colorectal cancer metastic to the liver and hepatocellular carcinoma. Resection has been shown to greatly increase 5-year survival rate among hepatic cancer patients [1] . Unfortunately, only 20% of patients are suitable for resection. For the remaining patients, a potentially curative non-invasive treatment option would present a great advance. We propose such a system consisting of high intensity focused ultrasound (HIFU) probe guided by MRI temperature maps.
While piezoelectric transducers have been traditionally used for HIFU, CMUTs have recently shown competitive performance. In last year's conference, we showed that typical imaging CMUTs could produce output pressures in excess of IMPa peak to peak and demonstrated continuous wave (CW) operation. In this year's paper, we will show the design and simulation of piston CMUT membranes specifically designed for HIFU applications. We will also present the design and simulation of an concentric array that produces a 5 mm diameter necrosis region after 20 seconds, which can be imaged effectively under MR-guidance.
CMUT MEMBRANE SIMULATIONS
Since non-invasive HIFU needs to penetrate through thick tissue, we designed our CMUT membranes to have lower center frequencies between 1-3 MHz. The frequencies were low enough to aid penetration of ultrasound to these depths, but high enough for tight enough focusing of the array's beam. Since HIFU depends on the power gain of the array design, a surface output pressure of 1.5-2.5MPa peak to peak output pressure will be adequate to achieve the intensities necessary for ablation.
These new membrane designs are characterized by their piston-like behavior. The piston is created by fabricating a thick mass in the center of the membrane, either by electroplating a heavy gold electrode or by creating a thick layer of silicon using a double silicon wafer bonding process [2] . The piston enables the mass and elasticity of membrane to be controlled independently. Additionally, most of the membrane moves in-sync and displaces by the same amount; this increases the average membrane deflection for a given gap height, thereby increasing the output pressure. Though the extra mass and stiffness causes the transducer's bandwidth to decrease, for HIFU applications, excitation is at a single frequency, so the decrease in bandwidth does not negatively affect the transducer's performance.
Simulation Methods
Designs were modeled in ANSYS (ANSYS, Inc, Canonsburg, PA) assuming constant 37C throughout the structure and no initial stress in the materials. The CMUT oxide, silicon, and metals were modeled using PLANE42 elements (Fig.l) . Circular membranes were simulated with axisymmetric symmetry, while rectangular membranes were simulated with planar symmetry and assumed to be infinite in length. Previous experiments have shown that rectangles with a width/length aspect ratio greater than 4:1 approximate infinite rectangles. A non-attenuating, non-absorbing water column of FLUID29 elements three wavelengths high was constructed on top of the CMUT, and an absorbing boundary was placed three wavelengths away from the surface. The pressure was measured half a wavelength away from the surface and averaged. Since the FLUID29 elements were non-absorbing, the average pressure calculated is the equivalent to the average surface pressure.#
Results and Discussion
Designs of several widths, two membrane thicknesses, two gap heights, and different geometries have been selected for fabrication. These designs have center frequencies ranging from 1-4 MHz and output pressures ranging from 0.75 MPa peak to peak to greater than 2 MPa peak to peak. An example response is shown in Fig.2 . With these pressure levels, we will be able to use these membranes within the concentric array to effectively heat and ablate liver tissue. In the final step, a thin layer of seed gold is deposited on the membrane by the lift-off photolithography process. Electroplating or electroless gold plating is then used to deposit a thick layer on the membrane surface in specifically designated spots, as defined by the gold seed layer lithography. (Right) A double wafer bonding process can also be used to fabricate a thick layer of silicon on the bottom side of the membrane [2] . The best designs have piston widths between 60-85% of the membrane width and a piston thickness of about 5 times the thickness of the membrane. This piston width allows a flatter, larger, more piston-like membrane while still keeping a reasonable collapse voltage and good separation of elasticity and mass. If the piston width were to increase to almost the full width of the membrane, the additional thickness at the edge would add to the stiffness of the membrane. The piston thickness that was needed to keep the membrane relatively flat and piston-like was highly dependent on the elasticity of the membrane, which depended on the membrane thickness and membrane width. In general, a thickness of about 5 times the membrane thickness produced a relatively piston-like response.
Simulated Responses in ANSYS
Gold piston designs showed slightly higher output pressures and narrower bandwidth. This is because gold is much denser than silicon and will add more mass to the membrane. However, since the Young's modulus of gold is smaller than that of silicon, it produces a smaller effect on the stiffness of the membrane. This means that gold piston designs are easier to design for lower frequencies with smaller bandwidths and higher pressures.
The major limitation of the devices was found to be the voltage that could be applied to the device before the materials, especially the silicon oxide insulation layer, broke down. For a given gap height, larger applied voltages yield a larger electric field in the gap, which yield a larger pressure.
We are currently fabricating the silicon piston designs using a process similar to the double wafer bonding process developed previously by our group [2] . The gold piston process is currently under investigation since the thickness of gold required is such that electroplating or electroless plating is required. This step complicates some levels of the processing and is currently being investigated.
TRANSDUCER ARRAY BEAM PROFILE AND HEATING SIMULATIONS
We patterned the CMUT membrane designs described above into a transducer array designed for non-invasive HIFU ablation of liver tumors. This transducer array will be used on a moveable probe by the surgeon to apply therapy. Since the lateral motion of the transducer can be controlled by the surgeon, we chose to develop an concentric ring array that can only dynamically change the depth of focus. For use on the liver, we aimed to focus 3-5 cm deep within the tissue for a preliminary design. The desired burn spot size should be larger than about 2 mm in diameter, since MR thermometry technique has pixel size of approximately 0.1 cm and a TR of 167 ms [3, 4] .
We designed a prototype, 2 MHz, concentric equal-area, square transducer ( Figure  1 ) with outer side length of 3.5 cm. Though a concentric circular design would increase the output pressure at the focus, for this quick prototype, we chose a square shape, which makes mask design and layout easier. In future designs, we will move to a circular even hexagonal design.
Simulation Methods
We used Huygen's principle [5] , which assumes an array to be a collection of spherical sources, to calculate the beam profile of our array (Fig. 3) . The phases applied to each element [6] focused the array beam at 4 cm. We assumed an attenuation of liver tissue of 0.4dB/cm/MHz [7] . To determine the necrosis time and lesion size, we used the Pennes Bioheat Equation to calculate the temperature in a homogeneous region of liver tissue over time. We then used the Separato-Dewey Equation [8] to determine the necrosis region.The Pennes Bioheat Equation is given by
dt where p is the density of liver, c is the conductivity of liver, k is the conduction coefficient of liver, p b is the density of blood, c b is the conductivity of blood, w a is the perfusion coefficient, T a if the bodies ambient temperature (37 C) and T is the temperature as a function of time. q m refers to heat introduced into the tissue by the ultrasound, which is given by 2*a*Intensity. The intensity is given as the P pea k 2 /Z, where P peak is the pressure derived from our beam profile calculations.
We solved this PDE by calculating the second derivative of temperature with regard to space at each time point. Then at each point in space, we can solve an ODE to reach the successive time point.
To determine the necrosis threshhold, we used the cumulative equivalent minutes at 43 C, given by the equation
(=0 where T(t) is the temperature at a particular location in space as a function of time, which we calculated using the Pennes Bioheat Equation.
At is the time step and t fma i and tjnitiai are the final and initial times, respectively. The constant R=0.25 if T(t) < 43 and R=0.5 if T(t) > 43. Necrosis of liver tissue is empirically determined at 240 equivalent minutes at 43 C [8] .
Results and Discussion
From our pressure beam profile calculations we see that the -6dB contour is about 2 mm by 2mm by 7.5 mm. The additional lobes seen around the main lobe are caused by the square the shape of the transducer since the phase difference of the points on the same square ring vary by quite a bit. As the transducer becomes more circular, these lobes disappear. The power gain of this array is 15, whereas the power gain of a circular ring array is 36. In our simulations, we assumed the output at the transducer's surface was IMPa peak pressure from our CMUT membrane designs to determine the pressure at points throughout the tissue sample. Using the heating and necrosis equations, we determined the temperature and cumulative equivalent minutes at each point in the tissue over a 20 second time period. After about 20 seconds, a lesion of 5 mm in diameter should be formed at the focal point; the evolution of this region over time can be observed by MR imaging methods [3, 4] (Fig.5 ). 
Beam profiles

1:
Temperature and Necrosis Thresholds
CONCLUSIONS
CMUT membrane designs and a transducer array with sufficient power gain has been simulated and designed for MR-guided HIFU ablation of liver tumors. This CMUT membrane design is a piston-like design that outputs 2 Mpa peak to peak pressure. With this output pressure and the transducer array configuration, a region of 5 mm in diameter can be ablated in 20 seconds. These designs are being fabricated and are currently being tested.
